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DLR-IMF, after 
IGACO 2004
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understanding of 

coupled systems 

toward Earth 

system reanalysis



Atmospheric composition data assimilation
(1) make best use of all available data from heterogeneous sensors, and

(2) produce chemically and dynamically consistent integrated dataset



Atmospheric composition data assimilation

Coupled with NWP

Coupled chemistry meteorology models (CCMM)

Atmospheric composition only

Chemical transport model (CTM)

Atmospheric composition Observations

Meteorology

Atmospheric composition
Baklanov et al. 

(2014) 

Strato ozone → Temp & wind

AOD → Radiation



Stratospheric ozone in meteorological reanalyses

Davis et al, 2017

Coupled 

with NPW



Latitude–time evolution of 

relative differences between 

ozone in meteorological 

reanalyses and the merged 

SWOOSH ozone record.

Davis et al., 2017

→TOMS
→OMI

MLS

CFSR

ERA-I

JRA-25

JRA-55

MERRA
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10 hPa 70 hPa

• Relative errors: 10-30 %

• Troposphere: larger errors

• Consistent long-term 

record is still challenging



Middle atmosphere

Troposphere:

Trace gas

Polavarapu et al. (2005)
Lahoz et al. (2007) 

• Ozone hole

• UV monitoring / forecasting

• Radiative forcing

• Middle atmosphere dynamics / chemistry

• Climate model inputs

• Satellite data validation

• Radiative forcing

• Emission inversion / scenario evaluation 

• Air quality monitoring / forecasting 

• Extension to non-observed species

Bocquet et al. (2015) 

Troposphere:

Aerosols

Eskes et al., (2005)

AC only



Chemical reanalysis for the middle atmosphere

Errera et al, 2019

MLS chemical reanalysis using Belgian 

Assimilation System for Chemical 

ObsErvations (BASCOE)

Middle atmosphere

Provide baseline information to evaluate 

(1) chemistry-climate models

(2) bias in independent measurements 

and to inform

(3) the stratosphere to troposphere 

influence



Tropospheric ozone reanalyses considered in IGAC TOAR-2

Assimilated measurements

Reanalysis system Grid Resolution Period
Strato/Column 

ozone

Tropo 

ozone
Precursors Surface Scheme

IASI-R (E. Emili)
GLOBAL, 0.1-1000 

hPa
2° x 2° MLS IASI 3D-Var

CAMSRA (A. Inness) GLOBAL
T255, available 

at 0.75° x 0.75°
-2003

SBUV, OMI, MLS, 

GOME2, SCIAMACHY, 

MIPAS, TROPOMI, 

OMPS

CO, NO2 4D-Var

RAQMS (B. Pierce) GLOBAL, 0-60km 1° x 1°
OMI cloud 

cleared, MLS

OMI cloud 

cleared 

MOPITT CO, 

OMI NO2 
3D-Var

GEOS-CHEM (Z. Qu) GLOBAL 2° x 2.5° 2005-2016 OMI NO2 4D-Var

TCR2 (K. Miyazaki)
GLOBAL, 70 - 1000 

hPa
2005-2021 MLS

TES, 

AIRS/OMI

MOPITT CO, 

OMI/TROPOMI 

NO2, SO2, MLS 

HNO3

EnKF

CAQRA (X. Tang) REGIONAL (CHINA) 15 km x 15 km -2013
MOPITT CO, 

OMI NO2
China EnKF

CMAQ-GSI (R. Kumar) REGIONAL (US) 12 km x 12 km 2005-2018 MOPITT CO 3D-Var

IGAC Tropospheric Ozone Assessment Report Phase-2 (TOAR-2) 

Chemical reanalysis WG

•Do they agree/disagree with each other and with independent observations? 

•What is the relative importance of assimilated measurements to improve ozone? 

Troposphere: Trace gas
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Troposphere:

Trace gas





Satellite
Physical

model
(O3, CO, NO

2
, 

HNO
3
, CO) (4 models)

Tropospheric Chemical Reanalysis

• 18 years (2005-present), two-hourly, global, chemical concentrations of 35 species

• Anthropogenic, biogenic, biomass burning, and lightning emissions (NOx, CO, SO
2
)

• Used in various science applications, including validation of NASA satellite products

• Able to support OSSE activities in support of mission formulation

Data 

Assimilation

Validation against

in-situ & aircraft 

measurements

Satellite 

Observations 

Assimilated in 

MOMO-Chem

MOMO-Chem (Multi-mOdel Multi-cOnstituent Chemical) Data Assimilation System

Models

Used for 

Assimilation



“Decadal Aura era”

chemical reanalysis

TCR-2



Oxidation capacity (OH)

↓

CH4

Long-lived GHGs

AQ-GHG co-emissions

↓

CO2

“Decadal Aura era”
“New satellite era”
chemical reanalysis

TCR-3



Chemical reanalysis inter-comparisons: CAMS & TCR

Huijnen et al., 2020

Improvements in both forecast model and DA led to better agreements with independent obs



Chemical reanalysis inter-comparisons: CAMS & TCR

Remaining errors in the tropics and near the surface

Need to improve model performance, incl. spatial resolution, increasing obs, incl. surface obs, and DA

Huijnen et al.
2020



Ozone reanalysis inter-comparisons

Park et al, 2020

850 hPa ozone over East Asia, validated 

against ozonesonde measurements

Chemical 

reanalysis

Met

reanalysis

• Controlled by emissions, transport 

from China and Pacific

• The chemical reanalyses are useful 

for AQ research

• The met reanalyses do not capture the 

major spatial gradients



Ozone reanalysis inter-comparisons

Park et al, 2020

Chemical 

reanalysis

Seasonal and vertical distribution of ozone over Sapporo, Japan 

The meteorological reanalysis needs to be improved substantially throughout the troposphere



Chemical reanalysis inter-comparisons: Multi-species

Ryu and Min, 2021

Multi-species validation over South 

Korea during KORUS-AQ campaign

Control runs 

are even lower

CAMS good

(SO2 DA + model)

MERRA good

(AOD DA)

Spatial resolution, 

emissions, 

chemistry

Essential to improve precursors 

species to reproduce ozone



Regional chemical reanalysis

Kong et al, 2021

A 6-year high-resolution (15x15 km) Chinese air quality reanalysis (CAQRA) 

combining surface observations (PM2.5, PM10, SO2, NO2, CO, O3)

Regional high-resolution model + surface obs → local air quality

Challenges: representativeness, data quality, model resolution, combination with satellite data



Towards an Air Quality Constellation

How does the constellation improve knowledge of global air quality? 

➢ GEO sounders will provide an unprecedented number of composition observations at high spatial resolution.

➢ LEO sounders (IASI, CrIS, S5p) provide the global picture and thread the GEO observations together. 

We face new challenges in integrating these different types of observations



Surface emissions in chemical reanalysis

Elguindi et al., 2020

Emissions estimation 

from chemical reanalysis

↓

• Emission scenario evaluation

• Attribution study

• Environmental policy

China India

W Europe USA



Global anthropogenic emission reductions in 2020: 7% (CO2) 8% (NOx)
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1. Emissions
(NOx, SO2, CO)

3. Health and 
climate Impacts2. Concentrations

Jiang et al. 
2020 ACP

Laughner et al. 
2021 PNASMiyazaki et al. 

2020 GRL
Miyazaki et al. 
2021 Science Adv.

Sekiya et al. 
2023 Science Adv.





→ Better understand the efficacy of policies that co-benefit air quality and climate



MERRA-2 aerosol reanalysis

Randles et al, 2017

Remaining challenges:

Aerosol properties (vertical 

distribution, aerosol speciation, 

absorption) are not fully constrained.

Total global number of observations from various AOD and aerosol observations



Sulfate, Nitrate, and Ammonium (SNA) aerosols

Sekiya et al. (2023)

Primary aerosols

Strong (10-20%) decreases in secondary inorganic aerosols due to COVID → + 0.14W/m2

The obtained responses in emissions, aerosols, and climate forcing highlight the importance of 

aerosol & trace gas reanalysis in the climate impact assessment and Earth system reanalysis

SO2, NO2

AOD

Precursor 
emissions



CrIS composition data: 2020 California wildfires

CO

PAN
O3

AOD
(VIIRS)

2020-09-12

464 hPa

Assimilating CrIS data (+NH3) will comprehend our understanding of source attributions



Estimation of fossil fuel CO2 from chemical renalaysis emissions 

30Copyright 2023, California Institute of Technology. Government sponsorship acknowledged. 

GHG
Fossil fuel CO2 (FFCO2)

Air pollutants

Miyazaki and Bowman, 
Nature comm., 2023

From chemical reanalysis to 

carbon cycle and climate

• Quantifying the coevolution of GHG and AQ 

pollutants, associated with increased regulation 

and economic development, can provide insight 

into underlying anthropogenic processes. 

• We classify the dynamics of historic emissions 

in terms of a modified Environmental Kuznets 

Curve (MEKC). 

• The predictive skill of FFCO2 less than 2% error 

at one-year lags and < 10% for 4-year lags. 



• The chemical reanalysis data, combined with suborbital and ground-based 

measurements, has been used to improve our understanding of atmospheric 

composition and to evaluate new satellite data products.

• New LEO and GEO measurements and multi-spectral retrievals of composition 

provide much-improved spatial and temporal resolution and coverage in conjunction 

with the chemical reanalysis. They should lead to greater usefulness of satellite 

measurements for climate and air quality applications. 

• Combining various Earth observations while accounting for interactions between 

trace gave, aerosols, and GHG is essential to understanding anthropogenic and 

natural influences on climate and for Earth system reanalysis.

Summary
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